Introduction {#Sec1}
============

Epiphysiodesis is often performed in order to correct leg-length discrepancy (LLD). Phemister^[@CR0001]^ first described an open procedure in 1933, destroying the growth plates on a permanent basis between the epiphysis and metaphysis through excised windows on both condyles. Canale and Christian^[@CR0002]^ depicted a drill and curettage technique to destroy either the distal femoral physis, proximal tibial physis or both physes. This technique provided potential leg length equalization, but on a permanent basis.

Percutaneous epiphysiodesis using transphyseal screws (PETS) has also been widely adopted in addition to Canale's method. Métaizeau et al^[@CR0003]^ described this procedure in 1998, using 7.3-mm cannulated screws across the distal femoral or proximal tibial physis. Proponents of PETS advocate that the method offers a simple technique, short operating time, decreased hospitalization, low complication rate and the reliable reversibility and recovery of growth as described by Anderson et al and Haas in a rabbit model.^[@CR0003]-[@CR0009]^ However, the debate of optimal surgical technique remains unanswered. Niedzielski et al^[@CR0010]^ and Ramseier et al^[@CR0011]^ both retrospectively reviewed small cohorts of patients (34 and 11 respectively) with full percutaneous drill/curettage epiphysiodesis (PDED) procedures for treatment of LLD, while denoting the relative simplicity, short hospitalization and low complication rate of the procedure. Babu et al^[@CR0012]^ promotes the use of the Canale technique due to a lower complication rate, while Campens et al^[@CR0013]^ depicts equal efficiency and complication rates, yet lower operative time when using the PETS technique. Others also argue the true reversibility of the PETS procedure due to potential physis violation.^[@CR0014],[@CR0015]^ Remaining techniques such as Blount stapling, eight-plate epiphysiodesis for angular deformity and tension banding remain in use, yet are unexamined within the confines of this study.

The purpose of this study is to compare two common surgical techniques of epiphysiodesis: PDED *versus* PETS. The study hypothesis is that the two techniques will have similar efficacy in correcting LLD but demonstrate differences in length of hospital stay (LOS), time to return to activity and postoperative complication rate.

Methods {#Sec2}
=======

This retrospective study was approved by the Institutional Review Board. Medical records between 2004 and 2015 were reviewed for all growing children and adolescents up to 18 years of age who were treated with either PETS or PDED to correct a congenital or acquired LLD between 2 cm and 6 cm and returned for clinical follow-up at least two years postoperatively. Patients with unverified preoperative LLD or who underwent hemiepiphysiodesis procedures were excluded from the study.

PETS is typically performed by creating small stab incisions down to the femur and/or tibia, passing guidewires through the notch and medial cortex and central third on the lateral. Then, cannulated screws are measured for appropriate length and placed with planned trajectory to halt physeal growth. As patients are admitted in a day surgery setting, they are discharged within the same day and allowed to be weight-bearing as tolerated utilizing crutches and knee immobilizer. The PDED procedure typically begins with a small incision made over the area of the growth plate laterally. Dissection is carried down to the level of the growth plate, then a transverse pass is first made and radial cuts are made 5° anteriorly and posteriorly. An angled curette is then introduced and metaphyseal and epiphyseal bone along with the intervening growth plate is destroyed. This same technique is applied medially, and the patient is hospitalized overnight. Postoperative protocol varies by physician, but typically involves limited ambulation or weight-bearing while wearing a knee immobilizer for two to four weeks, then return to non-contact activity after a month.

Per standard of clinical care, patients received long standing, posteroanterior (PA) hip to ankle radiographs called 'scanograms' that were in turn measured by a radiologist for LLD by directly, digitally measuring the femur length then the tibial length in conjunction. If a scanogram was unattainable, then PA radiographs demonstrating the femoral head or iliac crests were digitally measured for disparity in height. Bone age was determined by a radiologist through hand radiographs and the Greulich and Pyle method.^[@CR0016]^ Estimated growth remaining was then calculated by utilizing the bone age, gender and operative bone (femur, tibia or both) and utilizing the Green-Anderson chart.^[@CR0004]^ A total of 145 PETS and PDED procedures were identified. A total of 20 cases were excluded in which the preoperative LLD could not be verified. An additional ten cases were excluded due to insufficient follow-up, leaving 115 patients (23 PETS and 92 PDED) for analysis. Recorded patient, surgical and outcome characteristics were summarized for all patients and included: age at surgery, gender, location of epiphysiodesis, laterality, operative time, LOS, whether the patient returned to the operating room (OR) for hardware removal, postoperative complications, complaint/pain at follow-up and time to return to activity or sports. LOS analysis was only completed on patients who had an epiphysiodesis as their primary and only procedure (n = 111) because a concurrent procedure (such as a spine fusion or osteotomy) would confound the results. Time to return to activity was based on information obtained in clinic notes including physician recommendation or active patient participation in activities or sports. Categorical data were summarized by frequency and percentage while continuous data were summarized by mean and standard deviation ([sd]{.smallcaps}) or median and interquartile range (IQR, 25th to 75th percentile) when data deviated from normality.

Bone age, LLD and expected growth remaining (EGR) were calculated for each patient prior to surgery and at last follow-up. The change in each measure was calculated by subtracting the preoperative measure from the follow-up measure. Percentage change in LLD was calculated as the difference in preoperative and follow-up measurement divided by preoperative measurement. A positive percentage represents a correction or reduction in LLD such that a percentage over 100% indicates an over-correction and a negative percentage indicates an increase in LLD. The correction ratio (actual correction in LLD (change in LLD from preoperative to most-recent follow-up) divided by the expected correction (change in EGR from preoperative to most-recent follow-up)) was estimated along with a 95% confidence interval (CI) to assess whether correction in leg length was achieved. Values of the correction ratio close to 1 indicate successful correction.

Surgical and outcome characteristics were compared across epiphysiodesis groups. Binary and categorical data were compared using Fisher's exact test or chi-squared test, as appropriate, and continuous data were compared using Student's *t*-test or the Mann-Whitney U-test, as appropriate. Outcomes were analyzed across groups using independent samples *t*-tests and general linear modelling. A p-value less than 0.05 was considered significant.

At our institution PETS and PDED are performed at an approximate ratio of 1:4. A power analysis determined that for a 1:4 ratio of PETS to PDED patients we would require nine PETS and 36 PDED patients to achieve 80% power to detect non-inferiority using a one-sided, two-sample *t*-test across treatment groups with a non-inferiority margin of 1 cm in final LLD with alpha set to 5%. In addition, it was determined that 12 PETS and 48 PDED patients would provide 80% power for a two-sided test of Poisson event rates to detect a one-day difference in hospital stay across treatment groups and 11 PETS and 44 PDED patients would provide 80% power for a two-sided *t*-test to detect a one-month difference in the amount of time to return to activity across groups.

A propensity score analysis was conducted to determine the presence of selection bias by treatment group. A matching algorithm was implemented based on patient gender, preoperative LLD and EGR using a nearest neighbour matching with a caliper of 0.2. The initial cohort that met all inclusion and exclusion criteria (23 PETS and 92 PDED) was found to have a comparable distribution of propensity scores across treatment groups with negligible selection bias.

Results {#Sec3}
=======

A total of 115 patients who underwent epiphysiodesis in the distal femur (53%), proximal tibia (24%) or a combination (24%) were analyzed with a median preoperative LLD of 3 cm (IQR 2.5 to 3.8). The cohort was 47% male and the mean age at surgery was 12.6 years ([sd 1.63]{.smallcaps}). Median follow-up was 3.7 years (IQR 2.8 to 4.2). In all, 23 patients (20%) underwent PETS and 92 patients underwent PDED. PDED patients were followed for a median of four years (IQR 3 to 5) compared with three years (IQR 2 to 3) for PETS patients (p \< 0.001).

There were no differences in gender or location of epiphysiodesis across treatment groups ([Table 1](#Tab1){ref-type="table"}). Operative time was not different across groups (PETS: median, 50 min (IQR 40 to 85); PDED: 54 min (39 to 67); p = 0.86). There was a significant difference in patient age at time of procedure with a mean difference of ten months (PETS: 13.3 years ([sd]{.smallcaps} 1.62); PDED: 12.4 years ([sd]{.smallcaps} 1.44); p = 0.03). An average 2-cm LLD correction was achieved in both treatment groups (95% CI -2.7 to -1.5) with a median LLD at most-recent measurement of 1 cm (IQR 0 to 2) in both groups ([Fig. 1](#Fig1){ref-type="fig"}) ([Table 2](#Tab2){ref-type="table"}). There was no difference in mean correction ratio across groups (PETS: 1.2 (95% CI 0.6 to 1.8); PDED: 1.1 (95% CI 0.8 to 1.4); p = 0.82) ([Table 2](#Tab2){ref-type="table"}).

###### 

Patient and treatment characteristics by treatment group

                                                                          Screw (n = 23)   Drilling (n = 92)                                               
  ----------------------------------------------------------------------- ---------------- ----------------------- --------------- ----------------------- -------------
  **Characteristics at procedure**                                        **Frequency**    **(%)**                 **Frequency**   **(%)**                 **p-value**
  Age at procedure (yrs; mean ± [sd]{.smallcaps})                         13.3             [sd]{.smallcaps} 1.62   12.4            [sd]{.smallcaps} 1.44   0.03
  Gender (% male)                                                         15               (*65*)                  39              (*42*)                  0.08
  Location                                                                                                                                                 0.39
  Distal femur                                                            15               (*65*)                  46              (*50*)                  
  Proximal tibia                                                          3                (*13*)                  24              (*26*)                  
  Combination                                                             5                (*22*)                  22              (*24*)                  
  Side (% right)                                                          13               (*57*)                  42              (*46*)                  0.36
  Operative time (min; median (IQR); n=108)[\*](#Tab1_1){ref-type="fn"}   50               (40 to 85)              54              (39 to 67)              0.86
  **Characteristics over time**                                           **Median**       **(IQR)**               **Median**      **(IQR)**               **p-value**
  Patient age (yrs)                                                                                                                                        
  Preoperative                                                            13               (12 to 14)              12              (11 to 13)              0.04
  Most-recent measure                                                     16               (14 to 17)              16              (14 to 17)              0.54
  Bone age (yrs)                                                                                                                                           
  Preoperative                                                            13               (12 to 14)              12              (11 to 14)              0.02
  Most-recent measure                                                     16               (15 to 16)              16              (15 to 17)              0.50
  Leg-length discrepancy (cm)                                                                                                                              
  Preoperative                                                            3                (2 to 4)                3               (2 to 4)                0.84
  Most-recent measure                                                     1                (0 to 2)                1               (0 to 2)                0.80
  Expected growth remaining (cm)                                                                                                                           
  Preoperative                                                            2                (2 to 3)                3               (2 to 3)                0.71
  Most-recent measure                                                     0                (0 to 0)                0               (0 to 0)                0.13

the number in parentheses (n =) represents the number of patients with available data for the given characteristic

IQR, interquartile range (25th percentile to 75th percentile). The p-values in the table are based on a chi-squared test, a Student's t-test, or a Mann-Whitney U-test across treatment groups, as appropriate.

![Preoperative and final leg-length discrepancy (LLD) by treatment group (PDED, percutaneous drill/curettage epiphysiodesis; PETS, percutaneous epiphysiodesis using transphyseal screws).](jco-12-509-g0001){#Fig1}

###### 

Outcomes by treatment group

                                                                                            Screw (n = 23)    Drilling (n = 92)                                      
  ----------------------------------------------------------------------------------------- ----------------- ------------------- ----------------- ---------------- -------------
  **Treatment characteristics**                                                             **Frequency**     **(%)**             **Frequency**     **(%)**          **p-value**
  Length of hospital stay (n = 111)[\*](#Tab2_1){ref-type="fn"}                                                                                                      
  Days (median (IQR))                                                                       1                 (0 to 1)            1                 (0 to 1)         0.91
  By category                                                                                                                                                        0.93
  Less than a day                                                                           6                 (*26*)              26                (*30*)           
  One day                                                                                   16                (*70*)              56                (*64*)           
  More than a day                                                                           1                 (*4*)               6                 (*7*)            
  **Change in limb discrepancy**                                                            **Mean change**   **(95% CI)**        **Mean change**   **(95% CI)**     **p-value**
  Limb length discrepancy (cm)                                                              -2.1              (-2.7 to -1.5)      -2.0              (-2.3 to -1.8)   0.71
  Expected growth remaining (cm)                                                            -2.2              (-2.7 to -1.8)      -2.5              (-2.8 to -2.2)   0.37
  Growth ratio (actual change in LLD/expected change in LLD)                                1.2               (0.6 to 1.8)        1.1               (0.8 to 1.4)     0.82
  Percentage correction LLD (%)                                                             65.3              (50.7 to 80)        65.2              (58.4 to 71.9)   0.99
  **Outcome characteristics**                                                               **Frequency**     **(%)**             **Frequency**     **(%)**          **p-value**
  Final LLD (cm; median (IQR))                                                              1                 (0 to 2)            1                 (0 to 2)         0.71
  Time to return to activity (months; median (IQR)); n = 104)[\*](#Tab2_1){ref-type="fn"}   1.4               (0.7 to 2.1)        2.4               (1.7 to 3)       \< 0.001
  Complication                                                                              1                 (*4*)               2                 (*2*)            0.57
  Return to the OR                                                                          5                 (*22*)              9                 (*10*)           0.13
  Repeat epiphysiodesis                                                                     3                 (*14*)              8                 (*9*)            
  Hardware removal                                                                          3                 (*13*)              0                 \(0\)            
  Complaints/pain at follow-up (n = 109) [\*](#Tab2_1){ref-type="fn"}                       6                 (*26*)              18                (*21*)           0.60

the number in parentheses (n =) represents the number of patients with available data for the given characteristic

IQR, interquartile range; CI, confidence interval; LLD, leg-length discrepancy; OR, operating room. The p-values in the table are based on a Student's *t*-test or general linear modeling analysis, as appropriate.

Median hospital stay was one day in both treatment groups (IQR 0 to 1; p = 0.91) with only 7% of PDED patients and 4% of PETS patients remaining in the hospital more than one day (p = 0.93) ([Table 2](#Tab2){ref-type="table"}). PETS patients reported return to activity earlier at a median of 1.4 months (IQR 0.7 to 2.1); whereas PDED patients returned at a median of 2.4 months (IQR 1.7 to 3.0) (p \< 0.001). Five PETS patients (22%) returned to the OR: three underwent repeat epiphysiodesis and three had implant removal (one patient underwent both revision procedures). Two of the three repeat epiphysiodesis patients demonstrated under-correction on the contralateral leg, and thus required an epiphysiodesis of an additional growth plate on the surgical leg (i.e. previously operated on femur, now tibia) to further equalize. The other instance presented with unexpected rapid correction of the surgical leg requiring a contralateral epiphysiodesis in order to prevent LLD after achieving equalization. Nine PDED patients (10%) returned to the OR; eight for repeat epiphysiodesis (six demonstrating under-correction, thus requiring a second epiphysiodesis of an additional growth plate in the initial surgical leg; two requiring epiphysiodesis of the contralateral leg to prevent over-correction) and one due to an osteochondral defect in the nonoperative leg. In all, 26% of patients within the PETS cohort complained of pain or discomfort in comparison to 21% of PDED patients.

Discussion {#Sec4}
==========

The PETS procedure holds potential benefits including theoretical reversibility (although more studies must be done to prove this), minimally invasive technique and rapid recovery time to baseline activity.^[@CR0013]^ For these reasons PETS has become an attractive alternative for surgeons who are correcting LLD.^[@CR0006],[@CR0009],[@CR0017]^ Due to the recent surge in use of the PETS technique and our centre's anecdotal experience with the operation, we hypothesized that the PETS technique would demonstrate similar efficacy in eliminating LLD, yet depict differences in rehabilitation time until return to activity, postoperative complication rate and LOS.

This study is in agreement with previous studies that have demonstrated efficacy of the different epiphysiodesis techniques. Kemnitz et al^[@CR0018]^ and Gabriel et al^[@CR0019]^ denoted the efficiency of PDED in equalizing leg lengths while showing minimal complications. Measuring true efficacy, however, is dependent on the technique chosen to estimate growth remaining of the affected physis. Monier et al^[@CR0008]^ demonstrated that the mean LLD at maturity between predicted measurements was 0.2 cm using the Green-Anderson method, 1.4 cm using the Mosely method and -0.1 cm using the Paley method.^[@CR0008]^ We elected to use the Green-Anderson growth remaining charts for the current study and estimated a correction ratio (actual correction divided by expected correction) to evaluate LLD correction. Using this approach, efficacy in correcting LLD was similar for PDED and PETS methods (average correction ratio of 1.1 and 1.2, respectively).

Each of the epiphysiodesis techniques in the present study is associated with a unique set of risks and benefits. The PDED technique provides minimal invasion, low morbidity and satisfactory leg-length equalization, yet is irreversible once performed.^[@CR0020],[@CR0021]^ Due to its permanence, the technique requires accurate and precise anticipation of the patient's growth, as well as regular follow-up in order to curb any growth spurts and future inequality due to overgrowth of nonoperative leg.^[@CR0018]^ In the current study, eight PDED patients (9%) required a second epiphysiodesis due to either under-correction or potential over-correction and subsequent LLD. When compared with the previous method of care, Phemister's open technique, the PDED technique boasts efficient equalization, and less pain. Moreover, Babu et al^[@CR0012]^ observed that PDED had a higher success rate and lower complication rate than PETS. However, PDED suffers from a potentially longer operative time, longer postoperative rehabilitation period and absence of immediate postoperative weight-bearing when compared with the PETS.^[@CR0013]^

In contrast, the PETS technique provides potential reversibility with instrumentation removal,^[@CR0003],[@CR0007]^ with the added benefits of shorter operative time, shorter postoperative rehabilitation period, shorter LOS and direct weight-bearing postoperatively with no need of knee immobilization. Campens et al^[@CR0013]^ compared the PETS technique with the Phemister and PDED technique in 80 patients, noting that the benefits of PETS (quick rehabilitation and return to activity) greatly outweighed the minor complication risks.^[@CR0013]^ The PETS cohort in this population demonstrated a lower rehabilitation time (1.4 months *versus* 2.4 months) in similar fashion to the literature. Moreover, Dodwell et al^[@CR0006]^ argued that complications related to the PETS technique such as revisions may be overstated, and occur less frequently than the established literature may suggest. At our institution, the current protocol allows early weight-bearing as tolerated in patients who have PETS. While the PETS technique may be reversible in the event of potential overcorrection or continued inequality, PETS techniques may present as a potential source of pain for the patient, as the screw heads may be irritative either by muscle excursion such as the vastus medialis or by prominence such as seen in the proximal tibia as observed by our institution and this series. Moreover, the reversibility of the PETS is under scrutiny as some may argue that bone resorption never fully occurs after damage to physeal cartilage^[@CR0014],[@CR0015]^ Other reported complications include angular deformities and under-correction.^[@CR0022]^ Ultimately, these scenarios can lead to instrumentation removal and a costly return to the operating room; yet this analysis depicts no greater complication risk than the drill/curettage technique.

Limitations of the current study include its retrospective design, the lack of objective outcome measures and the reliance on varying physicians' subjective findings. The use of growth prediction methods including the Green-Anderson growth chart may lead to error in surgical planning and failure of leg-length equalization^[@CR0023]^ and may introduce additional bias when evaluating LLD correction. Additionally, operative time and LOS may have been influenced by surgeon-specific protocol or surgeon 'learning curve' of the PETS procedure and consequently unreflective of potential differences. The PETS procedure and protocol from a retrospective review may differ from today's practices by surgeons experienced with utilizing the PETS procedure. Moreover, measuring the rate of return to baseline activity or sports by physician approval within clinical records may be inaccurate or inconsistent by physician, thus a prospective model would benefit from objectively measuring this factor. Our data demonstrating a faster recovery time may be driven by individual rehabilitation protocols provided by differing physicians, thus may not be truly objective if some patients are given different postoperative plans.

While PETS and PDED exhibit similar efficacy with minimal differences in outcomes, one major disparity between these two procedures may be cost-effectiveness. It is likely that these procedures differ with respect to operative costs, including the cost of instrumentation and reoperation, LOS and necessary clinical follow-up. A prospective model is necessary to properly assess these costs and to observe the modern protocol in terms of LOS, operative time, rehabilitation periods and complications for both PETS and PDED techniques.

Conclusions {#Sec5}
===========

This study demonstrates equal efficiency in resolving LLD between the PETS and PDED procedures with minimal operative complications. The rate of return to the OR was similar across treatment groups; however, PETS patients more commonly required a second operation due to instrumentation, while PDED patients required a second epiphysiodesis more frequently due to potential over-correction or under-correction requiring additional destroyed physes. Despite its limitations, this study can be used to design future prospective ventures that quantify patient-reported outcomes and compare cost effectiveness of these two surgical techniques.

Compliance with ethical standards {#Sec6}
=================================

Funding statement {#Sec6.1}
-----------------

No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article.

OA Licence Text {#Sec6.4}
---------------

This article is distributed under the terms of the Creative Commons Attribution-Non Commercial 4.0 International (CC BY-NC 4.0) license (<https://creativecommons.org/licenses/by-nc/4.0/>) which permits non-commercial use, reproduction and distribution of the work without further permission provided the original work is attributed.

Ethical statement {#Sec6.2}
-----------------

**Ethical approval:** The study was approved by the Institutional Review Board. All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

**Informed consent:** A waiver of informed consent was granted due to the retrospective nature of the study.

ICMJE Conflict of interest statement {#Sec6.3}
------------------------------------

All authors declare they have no conflicts of interest with regard to this study.
